Barley is a resilient crop plant with higher tolerance than other cereal plants for several types of abiotic stress. In this chapter, we describe the genetic components underlying barley's response to abiotic stresses, including soil acidity, boron toxicity, soil salinity, drought, temperature, and nutrient deficiency. We describe typical symptoms observed in barley in response to these stresses. We enumerate the major qualitative trait loci (QTLs) identified so far, such as FR-H1 and FR-H2 for low-temperature tolerance. We also discuss candidate genes that are the basis for stress tolerance, such as HVP10, which underlies the HvNax3 locus for salinity tolerance. Although knowledge about barley's responses to abiotic stresses is far from complete, the genetic diversity in cultivated barley and its close wild relatives could be further exploited to improve stress tolerance. To this end, the release of the barley high-quality reference genome provides a powerful tool to facilitate identification of new genes underlying barley's relatively high tolerance to several abiotic stresses.
Introduction
Barley (Hordeum vulgare ssp. vulgare) is cultivated in both high-yielding, high-input agricultural systems, and in marginal, low-input agricultural environments. Barley was domesticated 10,000 years ago in the Fertile Crescent (Badr et al. 2000) ; however, its domestication was not confined to a single center of origin (Allaby 2015; Zohary 1999) . In fact, Poets et al. (2015) recently showed that cultivated barley results from multiple sources of wild populations. Thus, the different geographic environments to which barley and its wild relatives have been exposed has resulted in a mosaic of adaptive variants containing tolerance to abiotic stresses (Allaby 2015) . Barley is thus considered to be more resilient than other crops (for further details, see Newton et al. (2011) ). Despite this resilience, barley is affected by several abiotic stresses that decrease both yield and grain quality, which in turn result in considerable economic losses (e.g., the malting industry is directly affected by the yield and quality of barley). To breed for increased abiotic stress tolerance, we must harness the wealth of genetic variation provided by cultivated barley and its wild relatives. For instance, a wild allele from one H. vulgare ssp. spontaneum donor contributed to a 30% increase in barley yield under high soil salinity conditions in the field (Saade et al. 2016) .
In this chapter, we describe the geographic extent of each abiotic stress that affects barley, the general symptoms barley exhibits in response to these stresses, mechanisms of stress tolerance and their molecular bases, and future research prospects and opportunities offered by the release of the highquality genome sequence of barley (Mascher et al. 2017 ). Here, we review studies of barley's responses to single stresses although we know that, under field conditions, barley plants are often exposed to more than one stress. For example, heat stress and drought can co-occur in arid regions (Savin et al. 1996 ) and boron toxicity is often observed at the same time as soil salinity and alkalinity (Goldberg 1997) . While work on combined stresses is beyond the scope of this review, we aim to provide a comprehensive review of the major advances in research on the genetic mechanisms affecting barley's tolerance to abiotic stresses.
Soil acidity
Acidity in soil affects all the world's regions to some extent; it is a major problem in developing countries where management practices are often unable to ameliorate pH decreases (FAO 2015) . It was estimated that soil acidity affects over 40% of the world's arable land (Kochian 1995) . Aluminum (Al) is the main constraint in acidic soils (Foy et al. 1978) . Under acidic conditions, Al is solubilized to the toxic Al 3+ , which inhibits root elongation and affects absorption of several plant nutrients such as Ca, Mg, P and K (see Zhang and Li (2016) and Foy et al. (1978) for details). Symptoms of Al toxicity in plants include root thickening and darkening; phosphorus deficiency-like symptoms in the shoots including overall stunting with small, dark green leaves and late maturity; purpling of stems, leaves and leaf veins; and yellowing and death of leaf tips.
Barley is among the most Al-sensitive of the cereal crops, although genetic variation in Al tolerance exists in barley's germplasm (Reid et al. 1969 ). The differences in Al tolerance in barley genotypes have been attributed to differences in the release of organic acid anions, such as malate and citrate, from root apices (Ma et al. 2001; Ryan et al. 2001) . Once these organic acid anions are released from root cells, they can bind Al 3+ , reducing its availability and thus toxicity . The genetic mechanisms controlling the release of organic acid anions are likely associated with allelic variation at several loci. chromosome 4H was responsible for tolerance to high acidity in the soil (Stolen and Andersen 1978) . The same chromosomal location on chromosome 4HL also included the Al-tolerance locus, Alt, which was mapped using amplified fragment length polymorphism (AFLP) in an F2 progeny derived from a cross between the Yambla (moderately Al-tolerant) and WB229 (Al-tolerant) genotypes (Raman et al. 2002) . Later, Minella and Sorrells (1997) showed that tolerance to low pH (Pht) and tolerance to aluminum (Alp) are controlled by the same locus. Ma et al. (2004) used F2 seedlings from a cross between the Murasakimochi (Al-tolerant) and Morex (Al-sensitive) genotypes to identify microsatellite markers associated with Al tolerance and citrate secretion on chromosome 4H. High-resolution mapping of Alp suggested that HvMATE, which encodes a multidrug and toxic compound extrusion (MATE) protein, may underlie Al tolerance (Wang et al. 2007 ).
In , Furukawa et al. (2007 identified HvAACT1 as the gene underlying the Al-tolerance locus. This gene was found to encode a citrate transport protein located on the plasma membrane and was identified by fine mapping using the F4 recombinants between the Murasakimochi and Morex genotypes. HvAACT1 is a member of the MATE family; it is constitutively expressed in the roots of the Al-tolerant barley cultivar Murasakimochi (Furukawa et al. 2007 ). Interestingly, although expression of HvAACT1 was not induced by Al, a good correlation was found between Al tolerance and citrate release from barley root apices; the HvAACT1 expression level was determined to be higher in Al-tolerant genotypes (Furukawa et al. 2007 ). Constitutive over-expression of HvAACT1 in transgenic barley and wheat plants demonstrated the ability of HvAACT1 to increase citrate efflux and Al tolerance in acidic soils . Also, barley plants transformed with sorghum SbMATE showed an increased Al-dependent citrate efflux from root apices and Al tolerance when compared with null segregant plants (Zhou et al. 2014) . The presence of a 1-kb insertion in the 5' untranslated region (UTR) was later linked to the higher expression of HvAACT1 in Altolerant genotypes (Fujii et al. 2012 ). This mutation altered protein expression from root pericycle cells in sensitive genotypes to the root apices of Al-tolerant genotypes. This finding affects our understanding of the original role of HvAACT1 in facilitating the translocation of iron from roots to shoots (Fujii et al. 2012 ). More recently, another allele was found in HvAACT1 of the Al-tolerant Chinese genotype CXHKSL, but the mechanisms leading to this tolerance have yet to be confirmed ).
In wheat, Al tolerance, controlled by a gene located in chromosome 4DL and expressed constitutively in root apices, depends on malate efflux from root apices (Raman et al. 2005; Sasaki et al. 2004) . Indeed, the transgenic Golden Promise (Al sensitive) barley genotype that expresses TaALMT1 under ubiquitin promoter exhibits Al-activated malate efflux and enhanced Al tolerance (Delhaize et al. 2004) . Zhou et al. (2014) showed that barley lines transformed with wheat TaALMT1 were more Al tolerant than barley lines overexpressing HvAAC1 and lines transformed with SbMATE. The closest homolog of TaALMT1 in barley is HvALMT1, which is located on chromosome 2H and is mainly expressed in stomatal guard cells (Gruber et al. 2010) . In Xenopus oocytes, HvALMT1 is weakly activated by Al 3+ , facilitating the movement of malate and other ions across oocyte membranes. Thus, HvALMT1 has been proposed to facilitate organic anion transport to regulate turgor in stomatal guard cells and root elongation zones (Gruber et al. 2010 ).
Using a genome-wide association study, Zhou et al. (2016) found 22 QTLs associated with Al tolerance, including HvAAC1, but also presented unknown QTLs underlying acid soil resistance. Although the genetic mechanisms underlying Al tolerance in barley are quite well known, it is likely that publication of the barley high-quality genome sequence (Mascher et al. 2017) will facilitate the discovery of other genes related to the release of organic acid anions from root apices and new alleles of HvAACT1. In the field, barley farmers should follow effective soil management practices and use Al-tolerant germplasm to overcome the negative effects of acidic soils on yield.
Boron toxicity
The range in which soil is considered neither deficient of boron (B) nor toxic from B, an essential plant nutrient, is quite narrow (Goldberg 1997) . In arid and semi-arid regions with low rainfall, soluble B is only partially leached from the subsoil, and the problem of high B concentration in the soil (B toxicity) becomes evident (Reid 2010; Ryan et al. 1998) . In particular, plants in Australia (Cartwright et al. 1986 ) and some areas of the Middle East, such as Syria (Ryan et al. 1998) , suffer from B toxicity. Symptoms of B toxicity include chlorosis and necrosis starting at the leaf tips. Brown lesions also appear in the margins of the oldest leaves and progressively affect the whole shoot (Jefferies et al. 1999) . Also, growth of shoots and roots is retarded, which results in reduced yield (Holloway and Alston 1992; McDonald et al. 2010) . B toxicity in barley is managed by the use of B-tolerant genotypes that can maintain low B concentrations in the shoots (Yau and Ryan 2008) . For example, Sahara 3771 (a B-tolerant Algerian landrace) is a promising source of B-tolerance alleles because it can maintain growth under high B conditions. Under the same conditions, Schooner (a B-sensitive genotype) showed shoot and root biomass reduction by 79% and 51%, respectively, compared with plants grown under control conditions. Furthermore, the roots of Sahara 3771 plants had lower B concentrations than in the external solution, whereas the roots of Schooner plants had equal B concentrations to the growth solution. Hayes and Reid (2004) concluded that the mechanism responsible for B tolerance in Sahara 3771 was related to the B efflux from the roots. Jefferies et al. (1999) used restriction fragment length polymorphism (RFLP) markers and doubled-haploid lines resulting from the cross between the Sahara (B-tolerant) and Clipper (B-sensitive) genotypes to map regions of the barley genome associated with B tolerance. They found four regions (on chromosomes 2H, 3H, 4H, and 6H) associated with different traits involved in B tolerance. Regions on chromosomes 4HL and 3HS associated with relative root length (the root length at a B concentration of 0 mg/L relative to the root length at 100 mg/L of B) accounted for 39% of the trait variation. Other regions on chromosomes 2H and 4H associated with the leaf-symptom score accounted for 38% of the observed variation. The region on chromosome 4H was also associated with shoot dry mass, and together with a region on chromosome 6H, accounted for 53% of the variation observed in the B concentration in shoots. The alleles coming from Sahara conferred higher relative root length, lower leaf symptoms, higher dry mass and lower B concentration in the shoots at the respective loci (Jefferies et al. 1999) . Sutton et al. (2007) identified HvBot1 as the gene underlying the 4H QTL responsible for B tolerance in Sahara, with higher transcript levels of HvBot1 related to B tolerance (Sutton et al. (2007) . Hayes et al. (2015) found that the nine Saharan accessions (Sahara 3763 -Sahara 3771) from the Australian barley germplasm collection had tandemly duplicated Sahara alleles that conferred B tolerance. Genotypes carrying the duplicated (estimated four copies) Sahara allele of HvBot1 had higher gene expression in the roots (more than a 200-fold increase) (Hayes et al. 2015) , where it functions as an efflux-type borate anion transporter (Sutton et al. 2007 ). However, more investigation of HvBot1 is needed to clarify the mechanism of B efflux (Hayes and Reid 2004 ).
More recently, Hayes et al. (2015) found eight synonymous single nucleotide polymorphisms (SNPs) in the HvBot1 coding regions of the Clipper and Sahara alleles, although all were silent mutations. They therefore attributed the difference between alleles solely to expression levels. Emebiri et al. (2009) used markerassisted selection (MAS) to introgress the favorable Sahara alleles at the 4H locus to the breeding line VB9104, which is adapted to conditions in southern Australia. However, results from field experiments conducted at four locations on the generated, nearly isogenic lines were inconsistent because, in some locations, genotypes with the B-tolerance allele had higher yields, whereas, in other locations, these genotypes had lower yields, suggesting a significant genotype-by-environment interaction. However, malting quality was not affected, suggesting that the introgression of the B-tolerance allele had no penalty on quality (Emebiri et al. 2009 ). Similarly, McDonald et al. (2010 found that introgressing B-tolerance alleles from Sahara at the 2H and 4H loci had little or no effect on yield gain in the field and that yield gain was largely affected by site location. This recombinant inbred line (RIL) population had yields similar to or lower than their progenitors although they exhibited reduced B-toxicity symptoms and reduced B concentrations in their shoots. This result could be because B-tolerant plants grow vigorously during early stages, thus using up the limited water available in arid regions and therefore affecting plants at the reproductive stage. Another reason could be that B toxicity is often accompanied by other constraints, such high salinity. In fact, McDonald (2006) showed earlier that variation in yield in soils in which both stresses occurred simultaneously is due to salinity rather than to B toxicity. Tissue tolerance to B and the ability to overcome other soil constraints are both necessary for increasing yield under high B concentrations (McDonald et al. 2010 ).
The B tolerance gene underlying the 6H QTL, identified by Jefferies et al. (1999) , was cloned by (Schnurbusch et al. 2010 ). This gene, HvNIP2;1, encodes an aquaporin that belongs to the subfamily of nodulin-26-like intrinsic proteins (NIPs). NIPs are channel proteins that allow transport of water and other small solutes such as boric acid (Takano et al. 2006) . The expression of HvNIP2;1 was found to be specific to the roots and to increase the permeability of the plasma membrane to B in heterologous systems (i.e., Xenopus oocytes and yeast cells). In addition, the roots of Clipper (B-sensitive genotype) plants had 15-fold more HvNIP2;1 transcripts compared with those of B-tolerant Sahara. Differences in the regulatory sequence regions, upstream of the ATG codon, may explain the differences in transcript levels of HvNIP2;1 between the two genotypes. One mechanism of barley tolerance under high B concentrations in the soil could be the reduced expression of HvNIP2;1 to limit the passive influx of B from the roots (Schnurbusch et al. 2010 ). This mechanism, combined with high expression of HvBot1, may increase B tolerance. In Blimited environments, higher HvNIP2;1 expression would be beneficial for plants to avoid deficiency in this nutrient (Schnurbusch et al. 2010; Takano et al. 2006) . Hayes et al. (2015) screened 65 barley genotypes for differences in the coding sequence and transcription level of HvNIP2;1 and found that the open reading frame of HvNIP2;1 was highly conserved. However, Sahara genotypes presented a unique SNP in the 5'UTR region of HvNIP2;1. This SNP, 44bp upstream of the start codon, resulted in a shorter upstream open reading frame that translated into a short polypeptide, resulting in lower expression in Sahara (Hayes et al. (2015) . Limited knowledge is available about the genes underlying the 2H and 3H QTL. HvBot2, a B-transporter gene, has been suggested as a candidate gene underlying the 3H QTL because Sahara 3771 has a deletion in the 3' end of the coding sequence, which may disrupt the protein function. The publication of the barley high-quality genome sequence (Mascher et al. 2017) will allow advancement of the research needed to clarify the B tolerance mechanisms underlying the 2H and 3H mechanisms.
Soil salinity
Soil salinity is a major constraint on agriculture and impacts food security and political stability. Currently, 1,128 Mha, including 20% of irrigated lands (http://www.fao.org/water/en/), are estimated to be affected by soil salinity. The largest such area, of 189 Mha, is located in the Middle East (Wicke et al. 2011) . These numbers are expected to increase due to climate change and poor irrigation practices (Hayes et al. 2015) . Qadir et al. (2014) estimated that an annual economic loss of US$27.3 billion is due to soil salinity. Salinity tolerance is a complex polygenic mechanism ) that enables plants to maintain growth and to produce photoassimilates under saline conditions (Munns 2002) . The response of plants to salinity includes several tolerance mechanisms, namely shoot ion-independent tolerance (or osmotic tolerance), ionic tolerance and tissue tolerance (Munns and Tester 2008; Roy et al. 2014) . Numerous genes have been proposed to contribute to salinity tolerance traits .
Barley is the most salt-tolerant cereal crop (Munns and Tester 2008) . This distinction for barley could partially be due to salinity tolerance in its tissues. For example, evidence exists that is consistent with barley having better ability than durum wheat to compartmentalize Na + in vacuoles (James et al. 2006) . A high cytoplasmic K + /Na + ratio in mesophyll cells would allow barley to maintain its photosynthetic capacity under saline conditions (James et al. 2006; Wu et al. 2013) . Besides the ability of barley to accumulate and tolerate high levels of Na + , Na + exclusion is still an important mechanism in barley salinity tolerance. Halophytic relatives of barley have been used in several studies to understand the differences in the mechanisms of salinity tolerance between species (Islam et al. 2007; Maršálová et al. 2016) . For example, Garthwaite et al. (2005) reported that seven wild Hordeum species were better able to exclude Na + from their shoots compared with cultivated barley, when grown on nutrient solutions with different NaCl concentrations. Hence, improving cultivated barley salinity tolerance could be done by making use of exotic germplasm. In fact, Nax3 and Nax4 loci, described below, were identified using a landrace (Sahara 3771) and a wild barley (Hordeum spontaneum) accessions.
Barley wild relatives are an important source of genes to increase salinity tolerance. For example, Saade et al. (2016) identified a wild allele on chromosome 2H that resulted in a 30% yield increase under saline conditions. Also, the overexpression of HsCBL8 gene from a H. spontaneum line native to the QinghaiTibet Plateau resulted in an increased salinity tolerance in rice (Guo et al. 2016 ).
The ability of barley to retain K + in its cells under saline conditions is possible through high-affinity K + transporters, such as HvHAK1 (Santa-Maria et al. 1997) . In fact, HvHAK1 expression was higher in the shoots and roots of K305 (a salt-tolerant genotype) compared with I743 (a salt-sensitive genotype) (Ligaba and Katsuhara 2010) . Na + is sequestered in the vacuoles away from the cytoplasmic machinery via Na + /H + antiporters localized on the tonoplasts (vacuolar membranes). The electrochemical gradient generated by the vacuolar H + -inorganic pyrophosphatase (V-PPase) and the vacuolar H + -ATPase (V-ATPase) provides the driving force for this movement (Rea and Poole 1993; Sze et al. 1992) . Fukuda et al. (2004) studied the effects of 400 mM of mannitol (osmotic effect) and 200 mM of NaCl (ionic effect) on the expression of two V-PPases (HVP1 and HVP10), V-ATPase subunit A (HvVHA-A) and Na + /H + antiporter (HvNHX1). One copy of each gene was detected in the barley genome. The transcript level of HvNHX1 increased five-fold in the roots of barley plants treated with 200 mM of NaCl compared with the roots of control plants, suggesting that HvNHX1 plays a role in salinity tolerance. Treatment with 400 mM mannitol increased the transcript level of HvNHX1 four-fold compared with the transcript level in control plants. HvNHX1 protein could thus be transporting ions other than Na + into the vacuoles. In fact, AtNHX1 has a K + /H + exchange function (Bassil et al. 2011; Venema et al. 2002) and plays an important role in turgor regulation and stomatal function through K + uptake at the tonoplast (Barragan et al. 2012 ). V-PPase HVP10 exhibited a higher transcript level in roots than in shoots, whereas HVP1 exhibited higher shoot expression. HVP10 and HvVHA-A transcript levels in the roots increased in response to the addition of NaCl and decreased in response to the addition of mannitol, while the transcript level of HVP1 increased in response to the addition of both. HVP10, HvVHA-A, and HVP1 transcript levels did not change in the shoots (Fukuda et al. 2004 ).
HVP10 was proposed as a strong candidate underlying HvNax3, a locus on the short arm of chromosome 7H identified in a bi-parental population resulting from a cross between the wild barley CPI-71284-48 (Hordeum vulgare ssp. spontaneum) and the cultivar Barque-73 (Shavrukov et al. 2013; Shavrukov et al. 2010) . HvNax3 was found to be associated with Na + exclusion, explaining 10-25% difference in leaf Na + of plants grown hydroponically under salinity (Shavrukov et al. 2013) . The importance of vacuolar pyrophosphatase in improving salinity tolerance was best illustrated by Schilling et al. (2014) who found that transgenic barley genotypes expressing the arabidopsis vacuolar pyrophosphatase gene (AVP1) had a larger shoot biomass (30-42%) compared with wild-type genotypes under salinity conditions in the field. Furthermore, transgenic barley AVP1 genotypes had a higher yield as indicated by a larger number of heads per plant (16-58%), grains per plant (76-85%), average grain weight (29-43%), and grain yield per plant (79-87%) (Schilling et al. 2014) . A third vacuolar Na + /H + antiporter, HvNHX2, was isolated in barley (Vasekina et al. 2005 ) and increased salinity tolerance was observed when HvNHX2 was overexpressed in arabidopsis (Bayat et al. 2011 ) and potato plants (Bayat et al. 2010 ).
The role played by the so-called high-affinity potassium transporters (HKT) in the ionic component of salinity tolerance has been clearly established. In fact, TmHKT1;4-A2 and TmHKT1;5-A were suggested as candidate genes underlying two sodium exclusion loci, Nax1 and Nax2, respectively. When grown in saline fields, durum wheat genotypes carrying the TmHKT1;5-A locus had lower concentrations of leaf Na + and 25% higher grain yield compared with near-isogenic lines lacking TmHKT1;5-A. More importantly, TmHKT1;5-A had no effect on yield in low-salinity soils (Munns et al. 2012) . HKTs can be classified into two groups based on their amino acid sequences (Platten et al. 2006) . Class I HKTs are more likely to be Na + -transporters whereas class II HKTs (high-affinity Na + ) function as Na + /K + symporters or Na + -or K + -uniporters (Hauser and Horie 2010; Maser et al. 2002) . Furthermore, some class I HKT transporters are localized in the plasma membrane of xylem parenchyma cells in the root stele, allowing them to retrieve Na + from the xylem and to prevent Na + from reaching the shoot (Byrt et al. 2007 ). Class II HKT proteins, which are localized at the root epidermis/cortex, play an important role in plant growth under K + -limited conditions, and they may be downregulated under salinity conditions (Huang et al. 2008) .
Identifying the specific functions of HKT has been challenging and controversial, especially when heterologous systems are used (Haro et al. 2005) . In barley, two HKT proteins have been characterized: HvHKT1;5 (class I) and HvHKT2;1 (class II) (Hauser and Horie 2010) . Mian et al. (2011) reported that HvHKT2;1 was predominantly expressed in the root cortex and co-transported Na + and K + when expressed in Xenopus oocytes. Also, transgenic barley lines overexpressing HvHKT2;1 had a higher relative growth rate compared with wild plants under saline conditions (Mian et al. 2011) . Furthermore, HKT2;1/2-like, HKT2;3/4-like, HKT1;1/2-like, HKT1;3-like, and HKT1;4-like genes have been mapped on respective regions of barley chromosomes 7HL, 7HL, 2HL, 6HS, and 2HL. These regions are in synteny with regions in rice that contain HKT genes (OsHKT2;1, OsHKT2;4, OsHKT1;1 & OsHKT1;2, OsHKT1;3, and OsHKT1;4, respectively); they could thus harbor rice HKT orthologs (Huang et al. 2008) .
Little is known about the shoot ion-independent tolerance mechanism in plants ). Rapid and long-distance sensing seems to require reactive oxygen species and calcium waves Gilroy et al. 2014 ). The salt-overly sensitive (SOS) pathway is a putative signaling mechanism in salinity response (Munns and Tester 2008) . In barley, the homolog of arabidopsis SOS3, HvCBL4, has been identified as a candidate gene underlying the HvNax4 locus (Rivandi et al. 2011) . HvNax4 was initially identified using a mapping population of doubled-haploid lines derived from a cross between Clipper and Sahara 3771. It is located on chromosome 1HL (Lonergan et al. 2009 ). Rivandi et al. (2011) characterized HvNax4 using the same population. They found that HvNax4 governed the Na + -concentration in the shoots of plants grown in pots, but it had no significant effect on plants grown under hydroponic conditions. Moreover, the effect of HvNax4 on the Na + content in shoots varied with soil type, suggesting that HvNax4 expression was strongly influenced by the environment. Furthermore, the mRNA expression of HvCBL4 did not vary between Clipper and Sahara 3771, but an amino acid residue change was proposed to alter the protein function between the two genotypes. Because HvNax4 expression was found to be highly dependent on the environment and because it did not significantly affect plant biomass, the agronomical importance of this locus has not yet been determined. Further progress in research on the shoot ion-independent tolerance mechanism in barley is expected due to advances in high-throughput phenotyping methodologies (Saade et al., unpublished data) . Such research employing a wide range of barley genotypes may clarify which genomic regions (and/or genes) are responsible for the shoot ionindependent component of salinity tolerance.
One should note that, besides the QTLs presented here, a large body of genetic studies have identified QTLs associated with traits contributing to salinity tolerance in barley. For instance, Long et al. (2013) identified two QTLs on chromosome 3H (126.3 cM) and 6H (60.2 cM) that are associated with salinity tolerance, defined as the biomass production under saline relative to nonsaline conditions. Other study focused on plant survival and leaf chlorosis, and identified a QTL on chromosome 4H (145 cM) associated with these traits (Fan et al. 2016b ). Liu et al. (2017) related stomatal traits and yield to salinity tolerance, and found QTLs on chromosomes 1H (11 cM) and 3H (58.9 cM) associated with grain yield, and QTLs on chromosome 1H (121.4 cM) and 2H (10.3 cM) associated with stomatal pore area and stomatal conductance, respectively. Moreover, QTLs associated with salinity tolerance were identified at different developmental stages such as salinity tolerance at germination (Mano and Takeda 1997) , seedling (Ellis et al. 2002; Mano and Takeda 1997) , and reproductive stage (Liu et al. 2017; Xue et al. 2009 ). Barati et al. (2017) identified several QTLs contributing to agronomic performance in the field under nonsaline and saline conditions using a doubled-haploid population derived from Clipper and Sahara. The barley highquality reference genome (Mascher et al. 2017) will allow the identification of the candidate genes underlying many of these described QTLs. In addition, the publication of the high-quality barley genome sequence (Mascher et al. 2017 ) allows the identification of homologs of important players in salinity tolerance, such as the Na + /Ca 2+ exchanger-like protein AtNCL (Wang et al. 2012a ). Also, salt tolerance genes that are absent from the barley genome may be identified. For instance, AtCIPK16, a calcineurin Blike protein interacting protein kinase that reduces shoot Na + in arabidopsis , does not have a homolog in barley (Amarasinghe et al. 2016) . Moreover, the genetic position of some barley genes involved in salinity tolerance, such as HVP1 and other candidate genes underlying QTL regions associated with salinity tolerance (Long et al. 2013; Ma et al. 2015) , can be further pinpointed using the barley highquality reference genome (Mascher et al. 2017 ).
Drought
In a general sense, drought can be defined as a lack of precipitation over a long period of time affecting certain activities and sectors (National Drought Mitigation Center (NDMC), http://drought.unl.edu/DroughtBasics/WhatisDrought.aspx). However, drought is a complex phenomenon that can be divided into four categories: meteorological, hydrological, agricultural, and socioeconomic. In this section, we discuss agricultural drought (hereafter drought), which refers to a condition in which soil moisture does not meet the needs of a particular crop at a particular growth stage. The occurrence of drought has become more frequent due to climate change; this increasing frequency has severe consequences for agriculture and, consequently, for economic stability and food security. The impact of drought on crop yield is enormous. For example, severe drought in Kenya caused wheat yield to decrease by 45% in 2009 compared with the yield in 2010. The 2011 drought that affected the grain belt and large parts of the United States increased food prices across the globe (http://www.fao.org/docrep/017/aq191e/aq191e.pdf).
Symptoms of drought stress include slower plant growth and leaf expansion, deeper root systems, stomatal closure to reduce transpiration (which in turn increases leaf temperature and affects photosynthesis) and the accumulation of compatible solutes such as proline, sorbitol, and glycine betaine to adjust the cytoplasmic osmotic potential (Baerenfaller et al. 2012; Daszkowska-Golec and Szarejko 2013; Farooq et al. 2009; Singh et al. 2015; Tombesi et al. 2015; Uga et al. 2013) . A pot experiment, using barley landraces from Iran, showed that drought can decrease the relative water content in leaves, the midday leaf water potential, and stomatal conductance (by 90%) compared with plants in well-watered pots, thus reducing photosynthetic activity (Robredo et al. 2007; Robredo et al. 2010) Another pot experiment, using 11-day-old barley seedlings, showed that root mass aggregated towards the bottom of the pot and adventitious root formation was halted under drought conditions. In addition, a 10-fold increase in proline, involved in osmotic adjustment, was observed in barley roots in response to drought, as well as a severe reduction in the shoot-to-root ratio (Sicher et al. 2012 ).
Because of the importance of drought stress, several studies have focused on genetic mapping of droughtassociated traits. Fan et al. (2015) examined a mapping population derived from a cross between TX9425 (a drought-tolerant Chinese landrace) and Franklin (a drought-sensitive genotype). They used wilting as the trait to evaluate drought response. This work led to the identification a QTL on chromosome 5H that was independent of two other developmental traits -awn length and heading date. The gene underlying this QTL was suggested to be 9-cis-epoxycarotenoid dioxygenase 2 (HvNCED2), which is involved in the synthesis of abscisic acid (Fan et al. 2015) . Mikolajczak et al. (2017) identified 103 QTLs associated with yield-related traits when 100 RILs from a cross between European and Syrian cultivars were grown under different water regimes.
Roots play a crucial role in acquiring water under drought stress. In fact, the smaller size of the root system in spring barley was associated with lower grain yield in dry environments (Chloupek et al. 2010) . Reinert et al. (2016) used a barley diversity panel composed of modern cultivars, landraces, and wild accessions to identify a QTL on chromosome 5H that was induced by drought and associated with the dry weight of roots. HvCBF10B and HvCBF10A were suggested as candidate genes underlying this QTL because their conserved domains harbored a large deletion of 37 amino acids in wild barley compared with in cultivated genotypes.
RILs from the mapping population between Tadmor (a drought-tolerant Syrian genotype) and Er/Apm (a moderately drought-tolerant genotype) were grown in pots in growth chambers under control and drought conditions. A QTL on chromosome 7H was associated with the relative water content and osmotic potential of leaves (Teulat et al. 2001a; Teulat et al. 1997; Teulat et al. 1998) . It was cosegregated with the Acl3 locus (Hansen and von Wettstein-Knowles 1991) . Acl3 encodes barley acyl carrier protein III, which is involved in the synthesis of the fatty acyl chain (Hansen and von Wettstein-Knowles 1991) . Acl3 may play a role in membrane protection or fluidity under stress conditions and thus improve drought tolerance (Teulat et al. 1998) . Another study associated this QTL with carbon isotope discrimination in the field, which is a measure of transpiration efficiency (Teulat et al. 2002) . Under field conditions, Teulat et al. (2001b) and von Korff et al. (2008) evaluated the same RIL population for agronomic traits across different Mediterranean environments with varying drought severity. The genetic effects on flowering time, kernel weight, and plant height were stable across these environments, and QTLs associated with these traits were detected in both studies with comparable effects. However, yield seemed to be more influenced by the environment than other traits. In particular, the Tadmor allele at the pHva1 marker had a favorable effect on grain yield in the locations with more severe drought (von Korff et al. 2008) . This marker colocates with HVA1 gene on chromosome 1H, which also plays a role in low-temperature tolerance (Tondelli et al. 2006; von Korff et al. 2008) . The same locus also had a significant effect on the wilting score in a mapping population derived from a cross between Scarlett (a drought-sensitive German genotype) and ISR42-8 (a wild accession of Hordeum spontaneum). The HVA1 QTL explained 12% of the phenotypic variation, with the wild allele contributing to a 17% decrease in the wilting score relative to the domesticated allele (Sayed et al. 2012) . Transgenic studies showed that wheat, rice, and oat transformed with barley HVA1 had higher drought and salinity tolerance than control plants had (Babu et al. 2004; Bahieldin et al. 2005; Oraby et al. 2005; Xu et al. 1996) .
Other studies, such as Suprunova et al. (2007) , identified Hsdr4 (Hordeum spontaneum dehydrationresponsive 4), which codes for a Rho-GTPase-activating-like protein and is involved in drought tolerance in wild barley. The arabidopsis Rho GTPase homolog (AtRac1) is known to play a central role in abscisicacid-mediated stomatal closure (Lemichez et al. 2001) . Besides stomatal closure, the cuticle also plays a role in plants' adaptation to drought because it limits water loss. In barley, several eceriferum (cer) genes involved in the deposition of epicuticular waxes were detected in a mutagenesis study (Lundqvist and Lundqvist 1988) . Recently, Cer-cqu (Cer-c, Cer-q, and Cer-u) has been identified on chromosome 2HS as a cluster of three separate genes encoding: 1) a chalcone synthase-like polyketide synthase, 2) a lipase/carboxyl transferase, and 3) a P450 enzyme (Hen-Avivi et al. 2016; Schneider et al. 2016) . Chen et al. (2004) identified a spontaneous wild-barley mutant genotype, eibi1, which was found to be hypersensitive to drought with a low capacity to retain leaf water. The hypersensitivity of this genotype was due to a thin cuticle that resulted from low cutin deposition. The eibi1 gene was mapped to the pericentromeric region of chromosome 3H (Chen et al. 2009) , and HvABCG31, an ATP-binding cassette subfamily G (ABCG) transporter, was identified as the gene underlying eibi1 (Chen et al. 2011 ).
Drought-induced root and leaf proteomic and metabolomic changes revealed that several proteins and metabolites, namely HSP70, proline, carbohydrates and ascorbic acid, accumulated in response to drought in drought-sensitive genotypes, but these proteins and metabolites were constitutively elevated in drought-tolerant genotypes. Hence, biochemical predisposition could confer increased tolerance to drought (Chmielewska et al. 2016) . In fact, several barley genes have been successfully used to improve drought tolerance in barley and in other crops, e.g. overexpression of the isoform HvSNAC1 in barley (Al Abdallat et al. 2014 ) and overexpression of HvCBF4 in rice (Oh et al. 2007 ).
Many traits, such as relative water content, have been shown to work as selection parameters for drought in barley (Matin et al. 1989 ). However, other traits have the potential to be used to map drought-tolerance loci. Fv/Fm, the ratio of variable to maximal fluorescence in a dark-adapted state, evaluates the effect of stress on the reaction centers of Photosystem II and works as a selection criterion for drought tolerance (Guo et al. 2008 ). This trait has been used in a mapping population under greenhouse conditions (Guo et al. 2008) . Two QTLs (116cM and 135.7cM) on the long arm of chromosome 2H respectively explained 15% and 9% of Fv/Fm phenotypic variation under drought conditions during the post-flowering stage. However, the use of Fv/Fm as a possible selection criterion should be validated in other populations.
Several studies have detected QTLs involved in drought tolerance under controlled and field conditions using different genetic material (Baum et al. 2003; Diab et al. 2004; Guo et al. 2008; Honsdorf et al. 2014; Lakew et al. 2013; Peighambari et al. 2005; Rollins et al. 2013; Talame et al. 2004; Teulat et al. 2001a; Teulat et al. 2002; Teulat et al. 2001b; Teulat et al. 1997; Teulat et al. 1998; Teulat et al. 2003; von Korff et al. 2008) . However, these studies identify only the QTLs underlying the traits of interest; they do not identify genes underlying drought tolerance in barley. It is possible that many of these studies could be reanalyzed using new markers to validate discovered QTLs or to identify new QTLs using the improved barley genome sequence (Mascher et al. 2017) . As such, the use of more markers and better physical maps of barley provided by the high-quality reference genome (Mascher et al. 2017 ) should lead to more accurate identification of QTLs and their underlying genes involved in drought tolerance. The publication of the high-quality barley genome sequence (Mascher et al. 2017 ) allows the identification of homologs of important players in drought tolerance. For example, the in silico and expression analyses of barley calcium-dependent protein kinases (CDPKs) demonstrated the involvement of CDPKs in barley signaling pathways in response to drought (Fedorowicz--Strońska et al. 2017 ).
Temperature stress
Temperature stress has a strong effect on the growth and development of barley. Temperature can be divided into three ranges: i) low-temperature range, which includes cold and freezing; ii) optimum temperature range at which the plants grow and develop normally; and iii) high-temperature range, which is associated with heat stress.
Low-temperature stress
Low-temperature stress, which includes cold (also known as chilling, above freezing-point temperature) and freezing (below freezing-point temperature), has a severe effect on small-grain crop plants in temperate climates (Kosova et al. 2011) . In regions such as southern Australia, where winter temperatures are not low enough to cause freezing damage at the vegetative stage, radiation frost constitutes a problem at the reproductive stage. Radiation frost occurs during clear nights when the plant canopy is receiving less heat than what is radiated away, causing temperatures to drop below zero. Yield is severely affected by radiation frost as a result of floret and spike abortion as well as damage to developing grains (Reinheimer et al. 2004; Zheng et al. 2015) . According to the 2006 and 2012 reports from the Grains Research & Development Corporation (https://grdc.com.au/uploads/documents/frost.pdf, https://grdc.com.au/uploads/documents/GRDC-FS-CrackingWheatsToughestNuts.pdf), frost causes yearly losses of more than $33 million in crop production in southern Australia and Victoria and about $100 million in barley and wheat production in northern New South Wales and Queensland.
Barley, like other temperate cereals, has an increase in freezing tolerance when exposed to cold at vegetative stages, a phenomenon known as cold acclimation or hardening. Under cold stress, plants have a short-term response including cold acclimation, and a long-term response, which involves developmental responses such as vernalization (Kosova et al. 2011; Pecchioni et al. 2014) . Barley can be classified into spring, facultative, and winter types depending on its growth habitat, tolerance to low temperature, requirements for vernalization, and sensitivity to photoperiod (Tondelli et al. 2014) . Photoperiod sensitivity and vernalization play roles in low-temperature tolerance by delaying the transition from the vegetative to the reproductive stage, thus delaying flowering, which allows plants to survive low-temperature stress (Fowler et al. 2001; Fowler et al. 1996a; Fowler et al. 1996b; Mahfoozi et al. 2001a; Mahfoozi et al. 2001b) . In fact, genes that confer low-temperature-tolerance are expressed during the vegetative stage (Fowler et al. 1996b; Mahfoozi et al. 2001b) , and processes that prolong this stage increase low-temperature tolerance. Some mechanisms that may contribute to freezing tolerance include the ability to prevent or reverse proteins' denaturation and to reduce the physical damage of dehydration resulting from freezing-induced intercellular ice formation (Snyder and Melo-Abreu 2005; Thomashow 1998; Yadav 2010) . Another important mechanism in freezing tolerance is the stabilization of membranes. In fact, the lipid composition of membranes and the accumulation of sucrose and other simple sugars seem to change in response to cold acclimation (Thomashow 1998) . For instance, blt4, a barley gene involved in freezing tolerance, encodes a putative lipid transfer protein and plays a role in modifying the lipid composition of membranes (Thomashow 1998) . Because blt4 expression is also induced under drought stress, this gene could be responsive to dehydration (Dunn et al. 1991) . Hydrophilic polypeptides, encoded by cold-responsive (COR) genes, seem to contribute to membrane stabilization and increase stress tolerance during freezing (Thomashow 1998) .
Genetic mapping of barley has identified loci associated with freezing tolerance on chromosomes 1H, 2H, 5H, and 6H. A doubled-haploid population resulting from a cross between a winter barley (Nure) and spring barley (Tremois) was assessed for low-temperature tolerance using three traits: winter survival in the field, frost resistance (controlled freeze test), and Fv/Fm. Two major QTLs were associated with the three traits and mapped on the long arm of chromosome 5H (Francia et al. 2004 ). The first QTL (FR-H1) was previously mapped by Hayes et al. (1993) in a barley population of Diktoo (winter) crossed with Morex (spring), which was assessed for field survival and the lethal temperature at which 50% of the plants die (LT50). Interestingly, FR-H1 was found to overlap with the VRN-H1 vernalization locus. Whether this association of both vernalization requirement and freezing tolerance is a result of having linked genes (Francia et al. 2004; Hayes et al. 1993) or having one gene with pleiotropic effects (Tondelli et al. 2014; von Zitzewitz et al. 2011 ) is still a debatable question (Fisk et al. 2013) . If one considers the pleiotropy effect, then HvBM5A would be the candidate gene underlying VRN-H1 and FR-H1 (von Zitzewitz et al. 2005) . HvBM5A, the barley ortholog of TmAP1, is a MADS-box transcription factor (von Zitzewitz et al. 2005; Yan et al. 2003) , and spring accessions harbor a deletion in their first intron (Fu et al. 2005) . Besides freezing tolerance at the vegetative stage (Francia et al. 2004; Hayes et al. 1993) , the FR-H1/VRN-H1 locus is also associated with frost tolerance at the reproductive stage. In fact, FR-H1 has been associated with frost-induced floret sterility and grain damage in three different mapping populations (Reinheimer et al. 2004 ).
Another QTL specifically associated with frost-induced floret sterility was mapped on the long arm of chromosome 2H (Reinheimer et al. 2004) . Approximately 30 cM away from FR-H1, the second QTL (FR-H2) detected by Francia et al. (2004) mapped to the same region where QTLs for the accumulation of two cold-responsive proteins, HvCOR14b (Crosatti et al. 1999 ) and TMC-Ap3 (Baldi et al. 1999; Mastrangelo et al. 2000) , mapped. An HvCBF transcription factor was suggested as a candidate underlying FR-H2 because HvCBF4 was the peak marker and at least 12 HvCBF of the 20 barley CBFs mapped to FR-H2 Francia et al. 2004; Pasquariello et al. 2014) . Tondelli et al. (2006) suggested that HvCBF genes rather than their regulators, i.e. the inducer of CBF expression (ICE1) and fiery-1 (FRY1), were candidates for the FR-H2 locus. The higher copy number of CBF genes in winter genotypes compared with in spring ones suggests the involvement of copy number/gene duplication in the degree of low-temperature tolerance in temperate-climate cereals (Knox et al. 2010; Tondelli et al. 2011) . In fact, transgenic barley overexpressing TaDREB2 and TaDREB3 exhibited increased drought and frost tolerance, as well as higher expression of stress-responsive genes involved in protecting cells from damage and desiccation (Morran et al. 2011 ).
The genetic mechanism of freezing tolerance exhibited dynamic control between FR-H1 and FR-H2. CBF genes at FR-H2 were more highly expressed in barley genotypes carrying the winter allele (vrn-h1) at the VRN-H1 locus compared with genotypes carrying the spring allele. In addition, the expression of CBF was reduced after vernalization (in vernalization-requiring plants), indicating that VRN-H1 attenuated the expression of FR-H2 (Stockinger et al. 2007) . The involvement of FR-H1 and FR-H2 in cold acclimation was detected using a genome-wide association mapping approach, where the presence of specific alleles (winter alleles) at these loci conferred maximum low-temperature tolerance (von Zitzewitz et al. 2011 ). The allelic variation at FR-H1 and FR-H2 was also the main determinant of frost tolerance in a panel of a European two-row spring barley population (Tondelli et al. 2014) . Besides FR-H1 and FR-H2, (Fisk et al. 2013 ) mapped another QTL, FR-H3, which is associated with freezing tolerance on the short arm of chromosome 1H.
Research on low-temperature tolerance in barley is far from complete. Extensive high-quality research, including proteomics and metabolomics studies, is warranted to identify the genes involved in each of the two components of low-temperature tolerance, cold tolerance and freezing/frost tolerance. The barley high-quality reference genome (Mascher et al. 2017) can significantly contribute to a better understanding of the genetic mechanisms underlying low-temperature stress. For instance, the genes underlying the Fr-H3 QTL still need to be identified (Fisk et al. 2013 ). Also, whether or not freezing tolerance and vernalization requirements are due to a pleiotropic effect or linkage still needs to be clarified. Interestingly, copy number variation also plays a role in frost tolerance. Francia et al. (2016) found that within a collection of 41 barley genotypes, the genotypes with higher copy numbers at HvCBF2 and HvCBF4 showed increased frost tolerance (Francia et al. 2016) . Therefore, sequencing different barley varieties could help in identifying variations in copy number and their role in enhancing stress tolerance.
High-temperature stress
The negative impact of climate change on crop yield has been established, with a projected increase in global temperature on the order of ~4°C by the late 21 st century (IPCC 2014). High temperature (hereafter heat stress) affects the duration of the growing season, geographic distribution (Dawson et al. 2015) , and malting quality of barley (Savin et al. 1996) . The effects of heat stress depend on several factors, such as stress intensity (temperature in degrees), duration and rate of temperature increase (Wahid et al. 2007 ). Symptoms of heat stress in barley include the reduction of yield and yield components, such as number of tillers per plant, spike length and thousand grain weight, and a lower final starch concentration (possibly caused by irreversible inactivation of sucrose synthase) (Abou-Elwafa and Amein 2016; Högy et al. 2013; MacLeod and Duffus 1988; Wallwork et al. 1998) . Nevertheless, heat stress in barley is still an understudied topic, and further research is expected to take place due to climate change.
Barley, like other cereal crops, is particularly sensitive to heat stress during panicle development and meiosis, with high temperatures (over several days) causing abnormal pollen development and complete sterility (Sakata et al. 2000) . Oshino et al. (2007) studied the effect of high-temperature injury on anther development in barley and observed a premature progression of early developmental stages and fate (e.g., progression to meiosis of pollen-mother cells). Transcriptional analysis suggested that the genetic control involved in the cessation of anther cell proliferation was related to the repression of cellproliferation factors, such as histones, replication licensing factors, and DNA polymerases (Oshino et al. 2007) . Gene expression and differentiation of anthers were studied under normal (20°C day/15°C night) and heat stress (30°C day/25°C night) conditions, revealing that genes that are active in the anthers under normal-temperature conditions, such as H3, H4, and glycine-rich RNA-binding protein genes, were transcriptionally inhibited under heat stress (Abiko et al. 2005) . After anthesis, a field trial in Iran showed a 17% reduction in grain yield in barley under heat stress and significantly affected parameters, including the translocation of photosynthates to the grain, starch synthesis and deposition in the developing grain (Modhej et al. 2015) . Field trials have shown grain yield reduction caused by heat stress causing a higher penalty when temperature increased during stem elongation (Ugarte et al. 2007 ). In another field experiment using a panel of 138 spring barley genotypes, Ingvordsen et al. (2015b) corroborated the previously found decrease in grain yield (55.8%) caused by heat stress (Högy et al. 2013) .
One field study in Egypt comprising 320 wild barley accessions and six local genotypes showed that several yield components, such as days to flowering, plant height and thousand kernel weight (among others), were affected by heat stress (Abou-Elwafa and Amein 2016). The screening of such a large number of individuals in the primary gene pool of barley quantified the effects of heat stress and grouped genotypes into two distinct groups based on heat stress tolerance. Cluster analysis revealed that group 1 consisted of 112 barley accessions mainly originating from cold regions while group 2 consisted of 224 barley genotypes with variable degrees of tolerance to heat stress (Abou-Elwafa and Amein 2016). These valuable data may provide the basis for future mapping populations and/or genome-wide association studies that could reveal the genetic mechanisms underlying heat stress in barley.
Also, Phillips et al. (2015) examined barley's recombination landscape and observed that high temperature significantly changed the patterns of recombination only in male meiosis. Transcriptome changes in developing barley seeds in response to heat stress revealed the down-regulation of genes related to storage compound biosynthesis and cell growth (Mangelsen et al. 2011) . Metadata analysis also showed that seed embryo and endosperm were the primary locations of heat-stress response genes and an overlap of heat and drought responsive genes in barley caryopses (Mangelsen et al. 2011 ).
The relative importance of day and night heat stress is still under debate. Garcia et al. (2015) observed approximately 7% reduction in grain yield per degree of night temperature increase during the critical period of grain filling. This yield reduction was caused by an accelerated development, which caused increased tillering, death and impacted biomass and grain production.
Despite the undeniable importance of heat stress, limited knowledge is available on the genetic mechanisms controlling barley's response to high temperature. Heat shock proteins (HSP) are the obvious candidates underlying the plant's heat stress response. Xia et al. (2013) investigated the allelic variation of HSP17.8, which encodes an HSP ubiquitously produced in response to heat stress, and its association with agronomic traits in barley. Nine haplotypes for HSP17.8 were identified, with wild accessions exhibiting greater allelic diversity than found in cultivated barley. These results suggest the role of HSP17.8 in response to heat stress as well as to drought. In addition to HSP, miRNAs are heat inducible and may play a role in barley thermotolerance through down-regulation of their target genes (Kruszka et al. 2014 ).
To date, numerous studies have identified QTLs associated with general agronomic traits (e.g., yield and plant height) although little work has been done on traits specifically associated with heat stress. Gous et al. (2016) mapped a doubled-haploid population derived from a cross between ND24260 (stay-green genotype) and Flagship (high-quality malting genotype) to identify QTLs associated with the stay-green trait under abiotic stress conditions. Ten QTLs were identified, six of which were associated with heat stress and four with drought (Gous et al. 2016 ). In addition, Ingvordsen et al. (2015a) performed a genome-wide association study on spring barley genotypes under heat stress and elevated CO2 and identified a QTL associated with grain yield under heat stress on chromosome 2H. However, these loci should be further validated in field trials and the genes underlying these regions should be identified. Most strategies to avoid heat stress are related to early sowing and shorter-season cultivars. This may be due to the complexity of heat stress and its strong interaction with the environment and to limited knowledge about heat-tolerant genotypes and the genetic regions underlying heat stress. The opportunity provided by the barley high-quality reference genome (Mascher et al. 2017) to identify new markers is expected to provide considerable advances in genetic mapping for heat stress. Studies with a design similar to the one adopted by Abou-Elwafa and Amein (2016) and Ingvordsen et al. (2015b) can be extremely valuable to future genetic mapping studies specifically targeting heat stress.
Nutrient deficiency (nitrogen and phosphorus) stress
Crop nutrition is a key determinant of yield potential. Adequate supply of essential macro-and micronutrients is required for crops to achieve sufficient vegetative growth to ensure the development of nutritious grain. Fertilizer is a major input cost for farmers but is nevertheless often applied in excess of a crop's requirements. For example, estimates are that cereal crops take up only 40-60% of the applied nitrogen (N) fertilizer and that unused N may be leached from the soil or lost to volatilization (Raun and Johnson 1999; Sylvester-Bradley and Kindred 2009) . The impact of this 'lost' N is of critical concern as a source for major economic loss as an environmental pollutant that leads to release of potent greenhouse gases and eutrophication of aquatic environments .
Insufficient availability of N and phosphorus (P) has the greatest impact on yield potential of crop plants (Hawkesford et al. 2012) . Such deficiency directly limits yield potential as affected plants have a lower capacity for radiation capture and hence grain production, regardless of the application of fertilizer during the reproductive growth stage. The nutrient required in greatest supply is N because it an integral component of major plant macromolecules. N-limited crops may yellow, particularly older leaves, due to loss of chlorophyll. P-deficient crops may, on the contrary, have older dark-green leaves due to the accumulation of sugars and other compounds, and their root growth can be limited, reducing uptake capacity for other nutrients and water.
Nutrient use efficiency (NUE) is most commonly measured by relating crop yield to the amount, both applied and residual in the soil, of a particular nutrient available to the crop (Good et al. 2004) . NUE may be improved through changing agronomic practices, such as the timing of fertilizer application and crop rotations (Fageria and Baligar 2005) . The limited capacity for nutrient uptake and utilization in plants presents a real opportunity to improve NUE. In high input, high rainfall areas, what determines NUE is very different than in low input, dry areas (Cossani et al. 2010) . In a similar way, increasing P use efficiency in P-fixing soils is very different than in P-available soils. Within these scenarios, the weather at a site influences NUE from season to season. However, there are a few underlying mechanisms which, if improved, would work across environments and management scenarios. First, in some environments, uptake efficiency may be improved by altering the architectural traits of roots such that the crop may access fertilizer deep in the soil profile or at shallow depths (Garnett et al. 2009 ). The families of transporters mediating both low-and high-affinity uptake of N and P have been described Wang et al. 2012b) , with the barley NRT2 and Pht1 transporters among the first N and P transporters identified and characterized in cereals Vidmar et al. 2000a; Vidmar et al. 2000b) . Improving the efficiency of these transporters through the selection of superior alleles has improved uptake of target nutrients in rice (Fan et al. 2016a; Hu et al. 2015) . Another important aspect for P uptake is the plant's interaction with mycorrhizae. Selecting varieties of barley and mycorrhizae that maximize P uptake in an agricultural environment is a possible strategy to improve NUE (Grace et al. 2009 ).
Similarly, there is scope to improve the utilization efficiency of nutrients once they have been taken up from the soil. Much is known about the biochemical pathways in plants that are responsible for the conversion of inorganic nutrients into the organic building blocks for protein synthesis (Xu et al. 2012) . The role of glutamine synthetase (GS) in N assimilation in barley has been well documented (Avila-Ospina et al. 2015; Goodall et al. 2013) and GS is regarded as a candidate gene in both reverse and forward genetic approaches to improve NUE (Hirel et al. 2007; Thomsen et al. 2014) . However, the gene encoding alanine aminotransferase (AlaAT) in barley has exhibited the most promise to increase NUE via over expression because it has improved NUE in canola and rice (Good et al. 2007; Shrawat et al. 2008) . Importantly, uptake and utilization systems are often intricately intertwined such that the status of one system provides important feedback signaling, which alters the capacity of the other. In general, the remobilization of nutrients, particularly N, stored in vacuoles, proteins and other molecules in older leaves is another determinant of NUE for which underlying genetic loci have been identified in barley (Havé et al. 2016; Hollmann et al. 2014; Mickelson et al. 2003; Yang et al. 2004 ). However, for malting barley production, it is important the grain has 9 -12% protein content, as excess protein interferes with the malting process (Bertholdsson 1999) . Grain N has been the focus of most efforts to identify genetic regions regulating NUE in barley and a locus has been identified on chromosome 6 that regulates leaf senescence and N reallocation (Bezant et al. 1997; Cai et al. 2013; Heidlebaugh et al. 2008; . The newly published high-quality barley genomic sequence (Mascher et al. 2017 ) will aid in efforts to identify the causal gene(s).
Genetic improvements in NUE have been made 'inadvertently' during yield-based selection in barley breeding over the last 75 years, even though breeding trials were conducted with extensive application of N fertilizer (Bingham et al. 2012) . However, these gains are not sufficient to alleviate concerns over rising fertilizer costs and increasing environmental regulations of fertilizer application. Variation in NUE has been identified in adapted barley varieties (Anbessa et al. 2009; Anbessa et al. 2010; Beatty et al. 2010) ; however, variation in the transcriptomic responses of contrasting Tibetan wild barley lines to low N or K barley lines suggests that this collection may be a source of greater variation in NUE and component traits (Quan et al. 2016; Wei et al. 2016; Zeng et al. 2014) . To assess the potential of exotic germplasm to be a source of superior NUE more fully will require its incorporation into more advanced populations such as the nested association mapping (NAM) or multi-parent advanced generation inter-cross (MAGIC) populations (Nice et al. 2016; Sannemann et al. 2015) to reduce the 'wildness' of the material, which can create artefacts in data due to issues such as phenology (Karley et al. 2011) . A field-based analysis of a barley association mapping panel revealed how large the environmental influence is when measuring traits like P uptake and assimilation efficiency, requiring multiple site-years of data to produce meaningful genetic associations (George et al. 2011; George et al. 2014) . The studies also showed the potential for identifying surrogate traits for NUE, such as rhizosheath production, as a way to screen more quickly for NUE potential.
There has been very little success in improving barley NUE through genetic modification approaches (McAllister et al. 2012) . It is clear that improved genetic modification tools will be necessary and the identification of N-and P-responsive promoter elements will play an important role in fine-tuning transgene expression to change nutrient supply in the field (Schünmann et al. 2004a; Schünmann et al. 2004b) . The arrival of the barley high-quality reference genome (Mascher et al. 2017 ) will help identify further regulatory motifs and targets for application of genome editing technologies, such as CRISPR/CAS (Teotia et al. 2016 ).
Other stresses
Other stresses, mainly waterlogging and manganese (Mn) and cadmium (Cd) toxicity, affect barley to a lesser extent.
Cultivated barley shows a genetic diversity in waterlogging tolerance, and this tolerance varies according to life stage, with barley being more susceptible to waterlogging at pre-emergence, seedling growth, and reproductive stages (Setter and Waters 2003) . Breeding for waterlogging tolerance in barley is still in its early stages with few studies examining waterlogging tolerance in barley. Li et al. (2008) mapped waterlogging tolerance using two doubled-haploid populations and targeting traits such as leaf chlorosis, plant survival, and plant biomass reduction. Some QTLs (on chromosomes 1H, 3H, and 7H) were significant in both populations and some QTLs associated with more than one trait, such as the 4H QTL, which associated with leaf chlorosis and plant biomass. In addition to these mapping studies, Mendiondo et al. (2016) showed that HvPRT6, an N-end rule pathway N-recognin E3 ligase PROTEOLYSIS6, played a role in waterlogging tolerance in barley. In fact, the role of the N-end rule pathway in controlling plant response to hypoxia, which results from waterlogging, has already been established in arabidopsis. Transgenic barley plants with decreased HvPRT6 expression exhibited increased waterlogging tolerance as manifested by biomass maintenance, increased yield, and decreased chlorophyll degradation under stress (Mendiondo et al. 2016 ).
Although barley is sensitive to Mn toxicity, a large genetic variation in Mn tolerance exists among cultivated genotypes (Hebbern et al. 2005) . This variation could be harnessed to identify chromosomal regions not yet identified that are involved in Mn tolerance. Huang et al. (2015) proposed that breeding for Mn tolerance could improve waterlogging tolerance in barley, which could be due to the decrease in soil redox potential under waterlogging, which in turn increases the soil Mn 2+ concentration and causes Mn-toxicity effects in plants. On the other hand, Leplat et al. (2016) examined 248 barley varieties that were cultivated in six distinct environments prone to Mn deficiency, and identified several putative QTLs. Then, the authors were able to explore putative candidate genes in the flanking region of the SNP associations, using the barley genome sequence.
Cadmium is a heavy metal usually associated with polluted soils. It can affect human health, and barley grains have the lowest threshold value for Cd concentration for food safety among cereal crops . Barley genotypes have differences in tolerance to Cd toxicity (Chen et al. 2008; Persson et al. 2006) . A genome-wide association study demonstrated a large genotypic variation in the Cd concentration in different organs and detected several QTLs associated with Cd accumulation, some of which were organ specific . Furthermore, Cao et al. (2014) used microarray expression profiling on two genotypes contrasting in their Cd tolerance to identify novel genes that might play a role in various mechanisms of Cd tolerance.
Conclusions
The responses of plants to abiotic stresses are complex. While certain tolerance mechanisms are specific to a particular stress (e.g., Na + exclusion from the leaf blades under salinity), plants have to cope with the co-occurrence of multiple stresses under field conditions. Co-occurrence of stresses can trigger common responses, with some molecular pathways likely to play roles in more than one stress, e.g., pathways involving reactive oxygen species. In barley, three out of the 13 dehydrin genes were induced by low temperature and drought (Tommasini et al. 2008) . The role of dehydrins in barley in response to several stresses including cold, drought, and salinity was reviewed by Kosova et al. (2014) . In addition, as previously mentioned, transcription factor-encoding genes such as C-repeat binding factors (CBFs) are involved in low-temperature and drought stress (see Hasegawa et al. (2000) ). Another example is HVA1, which encodes a stress-induced class III late-embryogenesis abundant (LEA III) protein (Hong et al. 1992) and is associated with salinity, drought, and low-temperature tolerance (Hong et al. 1992; Xu et al. 1996) . In fact, due the resilient nature of barley to abiotic stresses, numerous barley genes have been used to improve stress tolerance as reviewed by (Gürel et al. 2016) .
In this chapter, we have described the broader impact of each stress and the physiological and genetic components of barley stress responses. Many of the responses to stresses, such as to heat stress and Cd toxicity, remain understudied. The previously released barley genome sequence (Mayer et al. 2012) enabled the identification of candidate genes involved in stress tolerance. The completion of the barley high-quality reference genome (Mascher et al. 2017) will undoubtedly contribute to an improved and more comprehensive picture of barley genetics and genomics in response to abiotic stress. 
